Abstract In this prospective study, we set out to determine the accuracy of low-dose computerized tomography (LDCT) of the chest in intensive care patients. Fifteen adult intensive care patients were examined with a standard-dose CT protocol (average radiation dose=6.7 mSv), chosen as the reference standard, followed by a non-contrast-enhanced LDCT protocol (average radiation dose=0.59 mSv). Each examination was then read by two separate groups of radiologists blinded to both the purpose and the protocol of the study. In the small group examined, the results showed 100% accuracy in the diagnosis of pneumomediastinum, pericardial effusion, and pleural effusion, and 90% accuracy in the diagnosis of pneumothorax and consolidation. There were no falsepositive findings, and the few false-negative findings were unlikely to lead to any clinical interventions. Our examination protocol, while providing a tenfold reduction of the radiation dose, nevertheless remained accurate enough for resolving certain clinical questions common in the intensive care patient. Thus, we suggest that protocols aimed at reducing the radiation dose in chest CT could be applied to the intensive care patient for resolving some specific questions, without compromising the diagnostic yield of the examinations.
Background
Severe respiratory failure is a common indication for treatment in the intensive care unit (ICU). Highresolution imaging may provide vital information for the clinician managing these patients. Computerized tomography (CT) plays an increasingly important role [1, 2] in the setting of acute lung injury [3] , and it has been demonstrated to be more effective than portable, bedside chest X-ray [4] . Compared with bedside chest X-ray, CT imaging may provide superior information in several ways. The distribution of pulmonary consolidation may tell the clinician whether the patient is a candidate for treatment in the prone position [5] ; detection of pleural fluid may lead to drainage and, thus, result in improved gas exchange; and better imaging of pulmonary infiltrates may lead to an improved understanding of the etiology of the disease. During the ICU stay, repeated imaging is necessary in order to provide optimal treatment [6] . In this setting, the usefulness of the CT technique is limited by the cumulative dose of ionizing radiation [7] . Strategies aimed at reducing the dose of ionizing radiation in CT may overcome this problem. These techniques have demonstrated increasing efficiency in terms of elective imaging of the chest [8] , but to date, no study has assessed the efficacy of dose reduction strategies in the critically ill ICU patient.
The drawback of dose-lowering strategies is always the decreased quality of the image, and thus, the advantages of a smaller radiation dose must always be balanced against any potential reduction of the diagnostic yield. For this reason, we wanted to compare the accuracy of low-dose CT (LDCT) to standard-dose CT of the chest in adult intensive care patients.
Materials and methods
This was a prospective, non-randomized study approved by the regional ethical review board. Informed consent was obtained from patients or patients' next of kin.
Patients were eligible for the study if they met the following inclusion criteria: age 16 or over, currently being treated in the ICU of our hospital, and referred for chest CT. Pregnancy was an exclusion criterion.
CT protocols
All patients underwent chest imaging on a 64-row multidetector CT unit (Lightspeed VCT, General Electric Medical Systems, Milwaukee, WI, USA). The standarddose CT protocol included: collimation 64×1.25 mm, tube rotation time 0.35 s, table feed 137.5 mm/rotation, kV 120, and automatic exposure control with min/max mA 200/750. All but one patient received intravenous contrast agent.
The protocol for the LDCT scan, obtained within 10 min of the standard-dose CT scan, included: collimation 64× 1.25 mm, tube rotation time 0.35 s, table feed 137.5 mm/ rotation, kV 100, fixed exposure mA 70, and no contrast enhancement (Table 1) .
These values for the LD protocol were chosen subjectively based on our own experience (experiments on phantoms), as well as on the literature on the subject [8] .
Patients
Fifteen patients (11 males, four females) were enrolled in the study: six trauma patients, five patients with sepsis, two oncologic patients, one patient with postoperative complications, and one patient with cardiovascular disease. The patients' median age was 54 (range 26-83).
Image interpretation
The reference standard was established by asking two readers, staff radiologists at our institution with 13 and 30 years' experience, blinded to both the purpose and the protocol of the study, to independently evaluate each standard-dose CT examination. Each reader completed an evaluation form structured with yes/no questions about the presence of the following findings:
The readers were asked to report consolidation, pleural effusions, pericardial effusions, pneumomediastinum, and pneumothorax even if they were very small.
In case of disagreement between the two readers, a third staff radiologist with 25 years' experience determined a consensus interpretation.
Moreover, the readers were asked if they deemed the resolution of the images adequate for assessing the position of chest tubes, venous and arterial lines, and endotracheal tubes and cannulas.
Thereafter, each LDCT was independently evaluated by two different readers; staff radiologists at our institution with 8 and 25 years' experience, blinded to both the purpose and the protocol of the study, following the same protocol as above.
In addition, the readers of the LDCT examination were also asked whether they considered the overall image quality adequate for confident diagnosis in the intensive care patient. This was assessed by a score of 1 if adequate, 2 if below standard but still adequate, or 3 if not adequate.
Radiation dose
The radiation dose for each examination was calculated by multiplying the dose-length product (DLP) reported for each examination, by the normalized effective dose (EDLP) for the chest (0.017). The absorbed radiation dose is expressed in milligrays per millimeter (mGy/mm); the radiation dose equivalent is expressed in millisieverts (mSv). The findings of LDCT examinations were compared to the standard-dose CT examinations (used as the reference standard) for sensitivity, specificity, and accuracy. Data are expressed as absolute values/n; derived values are expressed as percentages.
Results

Radiation dose
The average DLP in the standard-dose CT examination was 395 mGy/mm, which accounts for an estimated average radiation dose of 6.7 mSv. The average DLP in the LDCT examination was 34 mGy, which accounts for an estimated average radiation dose of 0.59 mSv. Thus, the average radiation dose in the LDCT scans was 11 times smaller than in standard-dose CT, which is comparable to about 45 days of background radiation in urban Sweden. It is also equivalent to the cumulative dose of approximately six bedside chest X-ray examinations at our institution.
All data are summarized in Table 1 .
Consolidation
Standard-dose CT showed pulmonary consolidation in all of the 30 lungs examined. With LDCT, consolidation was observed in 27 true-positive cases, demonstrating a sensitivity of 90%. Since none of the lungs examined were free from consolidation, specificity for this finding could not be calculated. Hence, the accuracy rate of LDCT was 76.6% when detecting pulmonary consolidation.
Pneumothorax
Standard-dose CT showed pneumothorax in seven of the 30 hemithoraces examined. With LDCT, pneumothorax was observed in four truepositive cases, demonstrating 57.1% sensitivity. No pneumothoraces were observed in 23 true-negative cases, demonstrating 100% specificity. Hence, the accuracy rate of LDCT when detecting pneumothorax was 90%.
Pleural effusion
Standard-dose CT showed pleural effusion in 20 of the 30 hemithoraces examined.
With LDCT, pleural effusion was observed in 19 truepositive cases, demonstrating 95% sensitivity. No pleural effusions were reported in nine true-negative cases, demonstrating 90% specificity.
Hence, the accuracy rate of LDCT when detecting pleural effusion was 93.3%.
Pericardial effusion
Standard-dose CT showed pericardial effusion in one of the 15 thoraces examined.
With LDCT, pericardial effusion was observed in one true-positive case, demonstrating 100% sensitivity. No pericardial effusions were reported in 14 true-negative cases, demonstrating 100% specificity.
Hence, the accuracy rate of LDCT when detecting pericardial effusion was 100%.
Pneumomediastinum
Standard-dose CT showed pneumomediastinum in one of the 15 thoraces examined.
With LDCT, pneumomediastinum was observed in one true-positive case, demonstrating 100% sensitivity. No pneumomediastinum was reported in 14 true-negative cases, demonstrating 100% specificity.
Hence, the accuracy rate of LDCT when detecting pneumomediastinum was 100%.
It is noteworthy that, in seven of the 15 examined patients, all LDCT findings corresponded exactly to the standard-dose CT findings.
All data are summarized in Table 2 .
Quality of the examination
On a scale of 1 to 3, with 1 representing an examination of insufficient quality and 3 of sufficient quality, the two radiologists who read the LDCT examinations rated them, on average, 2.4. In all cases, both readers judged the resolution of the images adequate for assessing the position of chest tubes, venous and arterial lines, and endotracheal tubes and cannulas.
Discussion
Strategies for radiation dose reduction in CT of the chest have been extensively studied in the elective patient. In this study, we prospectively tested the accuracy of LDCT of the chest in the critically ill, adult intensive care patient.
The main finding of our study is that a tenfold reduction of the radiation dose yielded 100% accuracy in the diagnosis of pneumomediastinum, pericardial effusion, and pleural effusion, as well as 90% accuracy in the diagnosis of pneumothorax and consolidation.
However, considering the smallness of the group, calculating the accuracy in percentages could exaggerate mistakes made in diagnoses. We therefore retrospectively analyzed the material in an attempt to critically review the misdiagnosed conditions and were able to observe the following:
There were three cases of false-negative consolidation among the false-negative results. However, in all three cases, the consolidations were very small, and because of their typical, dependent appearance, they were interpreted as atelectases and did not lead to any intervention whatsoever. This diagnostic mistake may be due to the fact that LDCT scan was carried out without contrast enhancement. Intravenous contrast agent improves the accuracy in the differential diagnosis of atelectasis vs pulmonary infiltration or other diseases [9] .
There were three cases of false-negative pneumothorax. However, in all three cases, the pneumothorax was smaller than 10 mL and was always found in the presence of a chest tube, which implies that the false-negative finding could not have clinical consequences. Interestingly, all involved radiologists were able to retrospectively identify the pneumothoraces on the LDCT scans.
Finally, there was one case of false-negative pleural effusion. However, the effusion was very small and did not warrant drainage or other intervention.
We observed two cases of false-positive pleural effusion. Again, this may be due to the absence of intravenous contrast agent, which makes it difficult to distinguish pleural effusion from pulmonary consolidation. Intravenous contrast agent improves the accuracy in the differential diagnosis of atelectasis vs pleural effusion [10] .
Given the design of the study, it is not possible to judge what consequences the two false-positive findings of pleural effusion may have led to. However, it is very unlikely that these two false-positive diagnoses could lead to anything of consequence: drainage of pleural effusion is normally performed under ultrasound guidance, and this method would have rectified the false-positive diagnosis. No false-positive findings were observed for any other endpoints.
Both the blinded participants in the study judged the quality of the LDCT examination satisfactory. In particular, the participants felt confident in their ability to judge the position Fig. 1 CT image of the chest in the same patient examined with standard-dose (a) and low-dose (b) protocol. The small bilateral pneumothoraces (arrowheads), the lung contusion (arrow), the pleural effusion (asterisk), and the chest tube (empty arrow) can be visualized on the low-dose images, as well as on the normal-dose images Fig. 1 for a reference image. Intensive care patients are usually exposed to relatively high doses of ionizing radiation [11] ; this is particularly true for trauma patients [12] . We speculated that the chest diagnoses that are most common in intensive care could be made even when images have reduced resolution.
Thus, we hypothesized that the intensive care patient could potentially become the category of patient that would most benefit from LDCT protocols.
Obviously, specific clinical questions may warrant the use of standard dose protocols, notably the diagnosis of pulmonary embolism. Recent studies have addressed the question of dose reduction in chest CT for the diagnosis of pulmonary embolism [13, 14] . This, however, was outside the purposes of our study.
A limitation of this study is that many chest conditions (such as empyema and lung abscess) were not included in the evaluation protocol. We are, therefore, not able to determine the accuracy of LDCT for detection of such potentially important pathologies.
Among the conditions that were not evaluated was adult respiratory distress syndrome (ARDS). The CT diagnosis of ARDS is mainly based on the distribution of pulmonary infiltration [15] ; our protocol performed fairly well on recognition of pulmonary infiltration; however, none of the examined patients had ARDS; therefore, we were not able to assess the accuracy for this specific clinical question.
Another limitation was the restricted size of the selected group. The reason for selecting only 15 patients was due to the fact that, as a result of the local ethical committee's policies, patients could be included in the study only if a next of kin could sign the informed consent beforehand, which hampered the recruitment process.
Patients participating in the study were subjected to an additional examination (the low-dose scan), which was not medically motivated and entailed an increase in the radiation dose. However, obtaining the additional low-dose scan of the chest at first examination would allow us to use the low-dose protocol on follow-up imaging of the same patient, in place of the conventional standard dose. This means that, for a patient participating in this study, the net effect would nevertheless be cumulative dose reduction during the hospital stay. In conclusion, our study suggests that, in selected clinical scenarios, adult intensive care patients could benefit from a tenfold radiation dose reduction while still maintaining acceptable levels of accuracy in the CT of the chest.
